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Hybrid Organic-Inorganic Solar Cells: Recent 
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Abstract-Solution processed photovoltaic devices are an 
attractive alternative to costly inorganic semiconductor based 
conventional photovoltaics. Solution processable organic 
photovoltaic systems are affected by low carrier mobility, 
lifetime issues under ambient conditions and limited optical 
absorption due to the high bandgaps of organic materials. 
Nanostructured inorganic materials promise to alleviate some of 
these drawbacks, by enabling the hybrid systems to perform 
better in a commercial perspective. This review examines four 
key areas of hybrid organic-inorganic photovoltaic systems. 
These are metal oxide-organic, carbon nanotube-organic, 
semiconductor nanowire-organic and semiconductor 
nanocrystal-organic systems, which are showing growing 
importance and potential in the literature. Recent advances in 
terms of device performance for these respective topics are 
reviewed, along with an outlook for each hybrid system. 
 
Index Terms-Photovoltaic cells, Organic compounds, Hybrid 
Systems, nanotubes , nanomaterials, solar cells 
 
I. INTRODUCTION 
HOTOVOLTAICS (PVs), better known as solar cells, 
have become a viable alternative for electrical power 
generation in recent years. This process has been further 
expedited with the increasing concerns on fossil fuel based 
sources due to carbon emission. PVs have been used for 
energy conversion for over a half a century, the uptake 
worldwide has been low due to the relatively high cost of 
energy generated in comparison to fossil fuels. With mounting 
concerns on climate change, it is now an opportune time to 
move the use of solar energy from a lifestyle decision one of 
national and international significance for the long term 
stability of the earth’s eco system. 
A number of techniques for photon to electricity conversion 
has been attempted over the years and the use of 
semiconducting materials has been the most successful. 
Semiconductors absorb photons when exposed to light and 
excite electrons to higher energy states, creating mobile 
electrons and holes. These charge carriers are swept across the 
device by utilizing a built-in electric field, generating a flow 
of electrons through a load which can be used immediately or 
can be stored for later consumption. The most widely used 
and available technique has been silicon p-n junction solar 
cells due to their efficiencies (8-20%), abundance and 
reliability. Although silicon PVs dominate over 90% of the 
market share [1], the energy intensive, costly fabrication 
processes have kept the cost of energy produced high, 
preventing the mass uptake of the technology. Therefore, 
cheaper alternative PV technologies have been highly sought 
after and organic material based technologies have come to 
the forefront over the last decade. Organic materials are 
cheaper, and not as-energy intensive in terms of the 
production process. Further, the possibility of device 
fabrication from solution makes the technology very attractive 
from a potential commercial perspective. However, the 
efficiencies and lifetimes of organic PV devices are inferior to 
their conventional inorganic semiconductor counterparts and 
too low for commercial viability at present.  
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Early research on organic PV systems was derived from the 
conventional p-n junction architecture, with organic materials 
replacing p-type and n-type materials as charge donors and 
acceptors. The development of organic PV devices was 
initiated by the discovery of ultrafast charge transfer between 
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene 
(MEH-PPV) and buckminsterfullerene (C60) by Sariciftci et al. 
[2] in 1992. The initial PV devices are known as bilayer 
systems, due to the deployment of electron donors and 
acceptors as thin layers of tens to hundreds of nanometres [3]. 
Unlike free charge carriers in inorganic semiconductors, 
absorbed photons create electron-hole pairs known as excitons 
in organic semiconductors, so that dissociation of the charges 
is necessary before collection at the electrodes. Exciton 
dissociation is believed to occur at interfaces between 
materials with different electron affinities and ionization 
potentials, where the electron is accepted by the material with 
larger electron affinity and the hole by the material with lower 
ionization potential. A bilayer structure therefore is limited by 
the depth of the optical absorption as well as exciton diffusion 
length, limiting the achievable efficiency of the system. 
Hence, interpenetrating donor-acceptor networks formed from 
a phase-segregated mixture of two semiconducting organic 
materials were proposed to overcome this problem [4, 5]. 
P
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These interpenetrating networks are now known as bulk-
heterojunction active layers. 
Initial bulk-heterojunction PVs were all-polymer based 
which were later expanded to polymer/small molecule systems 
[6]. Bulk heterojunction PV devices fabricated have shown 
steady progress over the years [7-9], in terms of device 
efficiency, reaching a high of 6.7% in 2009 for a single 
junction device [10]. 
Performance of bulk-heterojunction systems have been 
enhanced using a number of advances. These aspects 
fundamentally fall in to two categories; enhancement of short 
circuit current density (Jsc) and open circuit voltage (Voc). 
Secondary aspects have also been addressed which yield 
better fill factors leading to higher efficiencies. Some of these 
advances have been achieved by utilisation of inorganic 
nanoscale material systems in organic structures, essentially 
rendering these devices “hybrid”. This review concerns with 
three key areas of hybrid organic-inorganic PV systems. 
These are metal oxide-organic, carbon nanotubes (CNT)-
organic and semiconductor nanowire-organic systems. In 
addition, bilayer hybrid systems have had considerable 
research effort in infrared PV systems [11]. Therefore, a 
fourth category of semiconductor quantum dot-organic 
systems are also reviewed as part of this hybrid PV devices 
review.  
The metal oxide-organic hybrid device systems are 
dominated by work on TiO2 and ZnO based systems. 
However, most of the literature on TiO2 deals with dye-
sensitized PV devices, which are not within the scope of this 
review. Therefore, TiO2 based hybrid PVs discussed here do 
not utilise any sensitizers and only use the material as an 
electron transport layer of the hybrid system. The review on 
TiO2 follows a review on ZnO based hybrid PVs, followed by 
a semiconductor nanowire hybrid system section. A third 
category of CNT hybrid systems is reviewed next and three 
main applications of CNTs in organic PV systems are 
discussed. CNTs in the active layer, as a charge collection 
interface at the electrode and as the transparent electrode are 
the three applications discussed. 
The review attempts only to discuss organic-inorganic 
hybrid PV device research, and present performance 
parameters of the investigated devices. Therefore, a large 
quantity of literature on charge transport between materials is 
excluded from this study. PVs are fundamentally characterised 
using a key set of parameters, obtained through current-
voltage characteristics under simulated solar irradiation. The 
measurements are performed according to international 
standards, such as “IEC 60904-1:2006, PV devices-Part 1: 
Measurement of PV current-voltage characteristics” or the 
relevant national standards. The simulation experiments are 
expected to be performed with AM 1.5G illumination (IEC 
60904-3:2008), which yields an overall power density of 
1000W/m2. 
The current-voltage characteristics are collected preferably 
through an electronic load, which allows extracting the Voc, 
Jsc, current density (Jmp) and the voltage (Vmp) at the maximum 
power point. This data is used to calculate the fill factor (FF) 
and the power conversion efficiency (η) of the device under 
test, parameters which are fundamental for comparison of 
competing technologies. Fig. 1 shows a typical current 
density-voltage (J-V) curve for an organic solar cell, 
illustrating the fundamental parameters of a PV device. 
 
Fig. 1. Current density-voltage curve for an organic solar cell, showing open 
circuit voltage (Voc), short circuit current density (Jsc), current density (Jmp) 
and the voltage (Vmp) at the maximum power point. The equations define fill 
factor (FF) and the power conversion efficiency (η), where Pin is 100W/cm2 
for measurement with AM 1.5G. 
 
It can be seen that not all the measurements reported on 
PVs are performed under standard illumination and therefore 
makes comparison of performance difficult. In this review, the 
measurements reported with the types of illumination other 
than AM1.5G are referred to as nonstandard measurements, 
highlighting the difficulty in comparison. 
II. METAL OXIDE-ORGANIC MATERIAL PVS 
A. Titanium Dioxide Based Hybrid PV 
Nanostructured TiO2 has been studied as a PV material since 
the 1980s, establishing the basis for dye-sensitised solar cells 
[12]. Compared to dye-sensitised solar cells, the solid 
nanostructured TiO2-polymer solar cell has the advantage of 
utilising the complete heterostructure for exciton dissociation, 
potentially leading to thinner devices, since the entire 
polymer-filled pore volume is available for exciton 
generation, rather than only a dye monolayer at the TiO2 
surface. Further, the rigid structure of TiO2 offers better 
mechanical stability compared to the organic PVs [13]. 
The bulk heterojunction concept for organic PVs utilises 
disordered nanostructures, as a trade-off for the ease of 
fabrication by mixing donor and acceptor phases. The porous 
structure of nanostructured TiO2 has been investigated as an 
electron acceptor layer with organic photoactive polymers as 
the hole conductor extensively [14]. Early work on TiO2 
hybrid PVs used metal phthalocyanines as the photoactive 
polymer [15]. The PV performance of these initial devices are 
poor with efficiencies ~0.01%. Subsequently, poly (p-
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phenylene vinylene) (PPV) was utilized to fabricate 
nanocomposites with TiO2, although the device performances 
were not drastically improved [16, 17]. A report on 
SWCNT:MEH:PPV nanocomposite on TiO2 as the 
photoactive layer is available, however without enhanced 
performance [18]. A 0.18% efficient glass/indium doped tin 
oxide (ITO)/TiO2/MEH:PPV/Au device has been reported in 
2001, however with white light illumination [19]. Subsequent 
improvements on device design with nanocrystalline TiO2 has 
resulted in 0.58% efficient TiO2/MEH-PPV bilayer devices 
with a Poly(3,4-ethylenedioxythiophene) 
poly(styrenesulfonate) (PEDOT:PSS), a conducting polymer 
layer, at the Au electrode [19-21]. A similar system with 
aligned TiO2 nanowires has also been reported with a 
maximum device efficiency of 0.4% under standard test 
conditions [22]. Similar independent studies with photoactive 
polymers, poly(3-octylthiophene) (P3OT) (0.06% [23]) and 
sodium poly[2-(3-thienyl)-ethoxy-4-butylsulfonate] (PTEBS) 
(0.13% [24]) as the photoactive layers on TiO2 have been 
reported however, device measurements with nonstandard 
light sources for solar simulation. 
Use of Poly (3-Hexylthiophene) (P3HT) as the photoactive 
polymer was reported subsequently [25], again with Solar 
simulation performed with nonstandard methods. Attempts 
have been made to utilize TiO2 nanoparticles in a P3HT/ [6,6]-
phenyl C61 butyric acid methyl ester (PCBM) blends yielding 
a maximum efficiency of 1.5% [26]. A recent report on 
P3HT/TiO2 hybrid device yield a 1.7% efficiency through a 
ligand exchange onto the TiO2 nanorods enhancing the 
efficiency, compared to the previous attempts [27]. 
High efficiencies have been reported for TiO2 hybrid system 
with an inverted bulk heterojunction architecture, utilizing 
TiO2 as an additional electron transport material with a 
P3HT/PCBM system. Vertically oriented TiO2 nanotube 
arrays on transparent, conducting fluorine doped tin oxide 
(FTO) coated glass substrates, has been utilised for the 
inverted cells, which are reported to enhance light absorption 
and charge collection capability compared to a thin layer of 
TiO2. The highest efficiency attained for this system under 
standard solar simulations is 4.1% [28], with other 
independent work reporting efficiencies of 2.7% [29], 2.5% 
[30] and 1.5% [31]. It has also been reported that inverted 
TiO2/P3HT:PCBM bulk heterojunction devices show 
improved stability against oxygen [32]. Use of self assembled 
monolayers (SAMs) between the TiO2 and the electrode also 
has been reported to yield good efficiencies, with C60 SAMs 
resulting in 3.8% efficient devices [33]. 
TABLE I 
NOTABLE TITANIUM OXIDE:ORGANIC HYBRID PVS 
Year Architecture 
Voc (V) Jsc 
(mA/cm2) 
FF (%) η (%) Device 
Area (cm2) 
Spectrum 
/(mW/cm2) 
Ref. 
1996 Glass/ITO/TiO2/ZnPc/Au 0.34 0.15 28.6 0.01 1.00 AM 1.5/100 [15] 
2001 Glass/ITO/TiO2/MEH:PPV/Au 1.10 0.40 42.0 0.19 0.03 -/100 [19] 
2005 Glass/ITO/ TiO2/MEH-PPV/PEDOT:PSS/Au 0.64 2.10 43.0 0.58 0.04 AM 1.5/100 [21] 
2005 Glass/FTO/NC-TiO2/PTEBS/Au 0.81 0.35 40.0 0.13 0.10 -/80 [24] 
2006 Glass/ITO/PEDOT:PSS/P3HT:PCBM:NC-TiO2/Al 0.50 5.63 48.0 1.50 0.06 AM 1.5/90 [26] 
2007 Glass/FTO/TiO2 NT/P3HT:PCBM/PEDOT:PSS/Au 0.64 12.40 51.0 4.10 0.31 AM 1.5G [28] 
2008 Glass/ITO/PEDOT:PSS/P3HT:NC-TiO2/TiO2/Al 0.75 3.49 65.0 1.70 0.10 AM 1.5/100 [27] 
2008 Glass/ITO/TiO2/TiO2 NTs/P3HT:PCBM/V2O5/Al 0.59 10.96 42.0 2.71 - AM 1.5G [29] 
2008 Glass/ITO/ TiOx/C60/ P3HT:PCBM/PEDOT:PSS/Ag 0.62 10.60 57.2 3.78 - AM 1.5/100 [33] 
2009 Glass/ITO/PEDOT:PSS/PCDTBT:PC70BM/TiOx/Al 0.88 10.60 66.0 6.10 0.13 AM 1.5G [34] 
 
The most notable TiO2 hybrid PV was reported very 
recently, for a poly [N-900-hepta-decanyl-2, 7-carbazole-alt-5, 
5-(40, 70-di-2-thienyl-20, 10, 30-benzothiadiazole) 
(PCDTBT) in bulk heterojunction composites with the 
fullerene derivative [6, 6]-phenyl C70-butyric acid methyl ester 
(PC70BM) as the electron acceptor. With a TiO2 optical spacer 
arrangement, a 6.1% efficiency has been observed which is 
the highest efficiency reported for TiO2/organic hybrid device 
[34]. Table I shows the most notable titanium oxide-organic 
hybrid PV device parameters with respective references. 
 
Outlook 
Although considerable effort has been placed on improving 
TiO2 dioxide based organic hybrid PV devices, the best 
performing been in conjunction with the P3HT:PCBM bulk 
heterojunction systems. The ability of forming ordered 
nanostructures with TiO2 together with randomly phase 
separated P3HT:PCBM has the potential for reaching 
maximum internal quantum efficiencies for this system 
simultaneously benefiting from the improved device stability. 
In addition, the ability of TiO2 to work as an optical spacer 
while aiding electron collection from the acceptor is set to 
attract considerable attention. Also, the observed stability 
improvement with the utilisation of TiO2 requires further 
understanding in order to maximise the effect in hybrid PVs. 
 
B. Zinc Oxide Based Hybrid PV 
Although ZnO has been studied for more than half a 
century, renewed interest in research is evident, especially on 
nano-scale structures. ZnO is a direct wide band gap (3.3 eV 
at 300 K) II-VI compound semiconductor [35]. ZnO can be 
grown with simple crystal-growth technologies, resulting in 
potentially lower costs for ZnO-based devices. High-quality 
ZnO films can be grown at relatively low temperatures less 
than 700°C. Further, there are additional properties which 
make ZnO preferable over other wide-band-gap materials. 
ZnO can be doped substitutionally and by controlling the 
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doping level, electrical properties can be changed from 
insulator through n-type semiconductor to metal while 
maintaining optical transparency that makes it useful for 
transparent electrodes in flat-panel displays and solar cells 
[36]. 
The major obstacle in widespread use of ZnO is the 
difficulty in achieving a p-type material, while undoped ZnO 
show n-type behavior. ZnO is reported to have an impressive 
array of nanostructural forms. Nanowires, nanorods, 
nanobelts, nanocombs, nanosaws, nanosprings, nanocoils and 
even nanotubes are some of these structures [37]. The 
versatility of the material indicates a number of potential areas 
of application in PVs. The main thrust of interest has been on 
organic PV devices. 
 
ZnO in Organic PVs  
Bandgap engineering of ZnO acceptor films using Mg has 
also been reported, with a 0.5% efficient 
glass/ITO/ZnMgO/P3HT/Ag hybrid device [45]. TiO2 
decorated ZnO nanorod array/P3HT/PEDOT:PSS/Au 
structures investigated with standard test conditions report 
0.59% efficiency [46]. Utilization of a TiO2 coating on the 
ZnO rods before the P3HT coating, is reported to yield stable 
devices up to a month at 0.29% efficiency under standard test 
conditions [47]. ZnO nanorod/P3HT system has also been 
reported with CNT electron extraction layers, however with 
0.6% efficiency [48]. Early reports of ZnO-organic hybrid PVs are of a bulk 
heterojunction nature using ZnO nanocrystals (NCs) made by 
hydrolysis [38, 39]. ZnO NCs: poly[2-methoxy-5-(3′,7′-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) 
active layer devices on a PEDOT:PSS hole extraction layer on 
ITO coated glass has shown 1.6 % efficiency with a Voc of 
0.8V and a Jsc of 3.3 mA/cm2 at a fill factor of 0.6, although 
the solar simulation used is nonstandard [38, 39]. 
Subsequent research by the same group has investigated the 
replacement of NCs with nanorods, synthesized by heating 
solutions of NCs. However, an improvement in device 
performance has not been observed, postulated to be due to 
the poor solubility of rods compared to NCs in organic 
solvents [40]. Also, the same group reports the performance of 
NC ZnO:P3HT bulk heterojunction devices, with a maximum 
efficiency of 0.9% with 0.7 V Voc and 2.2 mA/cm2 Jsc, with 
similar fabrication and characterisation techniques to previous 
work [41]. 
Hybrid ZnO-conjugated polymer PV devices using ZnO 
nanorod arrays instead of planar films as the electron-transport 
layer have shown significant improvements in performance 
that have been attributed to increased heterojunction surface 
area. Evolving from the random bulk heterojunction systems, 
utilization of ZnO nanofibres and nanorods grown on 
transparent conductive oxide has been reported, 
fundamentally to enhance the area of the device in a 
controlled manner [42, 43]. The ITO/ZnO/P3HT/Ag devices 
result in 0.53% efficiency under standard test conditions with 
0.44 V Voc and 2.2 mA/cm2 Jsc. However, when the P3HT 
layer is replaced with a P3HT:PCBM blend, Jsc increases to 10 
mA/cm2, yielding 2% efficient devices [44]. Similar work 
from another group report 0.2% efficient ZnO nanorod/P3HT 
devices on ITO with PEDOT:PSS hole extraction layer before 
Au electrodes [42].  
TABLE II 
NOTABLE ZINC OXIDE:ORGANIC HYBRID PVS  
Year Architecture 
Voc (V) Jsc 
(mA/cm2) 
FF (%) η (%) Device 
Area (cm2) 
Spectrum 
/(mW/cm2) 
Ref. 
2004 Glass/ITO/PEDOT:PSS/MDMO-PPV:ZnO NC/Al 0.81 2.40 59 1.60 0.10 - [38] 
2006 Glass/ITO/PEDOT:PSS/P3HT:ZnO NC/Al 0.69 2.19 55 0.92 0.10 - [39] 
2006 Glass/ITO/ZnO/ZnO nanofibres/P3HT/Ag 0.44 2.20 56 0.53 0.10 AM 1.5/100 [43] 
2006 Glass/ITO/ZnO/ZnO nanofibres/P3HT:PCBM/Ag 0.48 10.00 43 2.03 0.10 AM 1.5/100 [44] 
2007 Glass/ITO/PEDOT:PSS/P3HT:ZnO/LiF/Sm/Al 0.83 3.50 50 1.45 - AM 1.5/100 [49] 
2008 Glass/ITO/ZnO NCs/P3HT:PCBM/PEDOT:PSS/Ag 0.62 11.17 54 3.78 - AM 1.5/100 [51] 
2008 Glass/ITO/PEDOT:PSS/P3HT:PCBM/ZnO/MUA/ Al 0.65 11.10 63 4.60 - AM 1.5/100 [53] 
2009 Glass/ITO/PEDOT:PSS/P3HT:ZnO/Al 0.75 5.20 52 2.00 - -/100 [50] 
 
The best route reported to fabricate ZnO:P3HT bulk 
heterojunction hybrid devices is through a precursor solution 
using diethyl zinc, resulting in 1.4 % efficient devices with 
0.83 Voc and 3.3 mA/cm2 [49]. Recent improvements to this 
approach show 2% efficient ZnO:P3HT bulk heterojunction 
devices, which are the best reported to date, for such a system 
[50]. 
The best performing organic-inorganic hybrid PVs with 
ZnO are inverted structures where the transparent electrode 
act as the electron collecting electrode [51]. Glass/ITO/ZnO 
NCs/P3HT:PCBM/PEDOT:PSS/Ag hybrid structures are 
reported to show 3.3% efficiency at AM 1.5G illumination. 
This inverted device structure is also reported to be much 
more stable than the conventional P3HT:PCBM bulk 
heterojunction solar cells. The increased stability is believed 
to be due to reduced oxygen permeability, reducing the 
oxygen related degradation of the active layer of the polymer 
based solar cell structures. 
A completely different approach on the use of ZnO in 
organic systems was reported by Gilot et al. [52]. They 
suggested that insertion of an optical spacer between the 
active layer and the reflective electrode results in a 
redistribution of the optical electric field, enhancing device 
performance. Development of this concept has resulted in a 
number of highly efficient ZnO based hybrid device 
structures. The optical spacer ZnO, treated with a SAM has 
been reported to be the best case with 
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Glass/ITO/PEDOT:PSS/ P3HT:PCBM/ZnO/SAM /Al devices 
showing 4.6 % efficiency at standard test conditions [53]. The 
SAM used in this instance is mercaptoundecanoic acid 
(MUA). It has also been reported that ZnO is highly effective 
to tailor unfavourable work functions of metals such as Ag for 
organic PVs, using the optical spacer design. It has been 
observed that favourable metals, such as Ag, from a 
manufacturing point of view, can be used as electrode material 
retaining 80% of device efficiency with a ZnO optical spacer 
layer [54]. 
An all-solution processed poly-(3-carboxydithiophene) 
(P3CT) based bulk heterojunction system has also been 
attempted with low efficiencies ~0.2% under standard test 
conditions. The Glass/ITO/ZnO/ZnO:P3CT/PEDOT:PSS/Ag 
hybrid devices are reported to be stable up to 4 days showing 
80% of the initial efficiency after 100 hours [55]. An inverted 
hybrid device with vertically aligned ZnO nanowires, in a 
Glass/ITO/ZnO/CuPc:C60/CuPc/PEDOT:PSS/Au 
configuration has also been reported yielding a device 
efficiency of 0.53% at standard test conditions [56]. 
Table II shows the most notable ZnO-organic hybrid PV 
device parameters with respective references. 
 
Outlook 
 Use of ZnO as a bulk electron transport material in hybrid 
systems has more potential compared with TiO2. Also, ZnO 
competes as an optical spacer material with TiO2, where much 
effort has been concentrated. Apart from the existing 
applications, a number of other uses can be identified for ZnO 
as well. ZnO may be able to contribute to photocurrent 
generation through bandgap engineering. Already, a 
knowledge base exists on band gap modulation using Mg and 
Cd alloying. Impurity-created states resulting in enhanced 
optical absorption at lower energies would be another 
potential area of interest. Ohmic-contact metallization should 
be one of the main goals in improving device performance, in 
the successful utilization of ZnO in organic PVs. Although a 
low resistance Ohmic contact on wide-band-gap 
semiconductors can be obtained by thermal annealing, surface 
roughness and structural degradation of the interface can be 
induced during the thermal annealing process, resulting in 
poor device performance and reliability. Also, organic 
material systems are highly susceptible to heat, resulting in 
poor performances upon exposure to temperatures above a 
couple of hundred degrees. Therefore, it may in some 
instances be preferable to develop low-resistance Ohmic 
contacts without the use of a thermal annealing process. 
Another aspect which warrants detailed analysis is the 
enhanced stability of ZnO/polymer hybrid devices. The 
stability of the devices may increase due to two main aspects. 
Use of ZnO can increase the effective area of the cell, 
resulting in better yield for a given volume of absorber layer. 
Reduced amounts of sensitive organic material should lead to 
better stability in performance.  
III. CABON NANOTUBE-ORGANIC PVS 
Carbon nanotubes have been identified as a revolutionary 
material system with the potential to transform the electronics 
industry. Single wall carbon nanotubes (SWCNTs) comprise 
of a single graphene cylinder, with typical diameters in the 
range 0.4-3.0 nm. Multi-wall carbon nanotubes (MWCNTs) 
comprise of several co-axially fixed tubes of different radii 
with an inter-tube separation close to the inter-plane 
separation in graphite (0.34-0.35 nm) [57]. MWCNTs have 
diameters as large as 100 nm. However, for organic PV device 
applications, diameters less than 20 nm are preferred due to 
the ~100 nm organic layer thickness in these device structures. 
The cylindrical, covalently bonded structure of carbon 
nanotubes are extremely strong with a tensile strength 
comparable to steel, at only a fraction of the density of Al 
[58]. They are efficient conductors of charge, with high heat 
transmission capacity, which is useful for thermal 
management of hybrid PV devices. Here we categorise the 
application of CNTs to three main areas, and discuss a 
comprehensive but non exhaustive review of reported device 
performances. Attempts have been made to incorporate carbon 
nanotubes into the active layers, as a charge collection layer at 
the electrodes and as a possible replacement for transparent 
electrodes. These aspects are reviewed separately under the 
following sections. 
A. CNTS in the Active layer 
Early research on CNT-organic hybrid systems were 
confined to charge transfer analysis between photoactive 
organic materials and CNTs [59]. Use of SWCNTs in an 
electron acceptor role was first reported by Kymakis and 
Amaratunga in 2002, with P3OT as the donor [60]. This early 
work with ITO and Al as electrodes resulted in poor device 
parameters, with best efficiencies of 0.1%. Later, 
poly(phenyleneethynylene) (PPE) as the donor layer was 
investigated with SWCNTs as the acceptor, however with 
minute efficiencies and a Voc of 0.1 V and Jsc of 29 μA/cm2 
[61]. These results have been improved to devices yielding 
0.05% efficiency [62]. Also, poly[(2-methoxy,5-octoxy)1,4-
phenylenevinylene] (MO-PPV)/SWCNT systems have been 
reported with nonstandard solar simulation and device 
efficiencies as low as 0.004% [63]. Another polymer used 
with SWNTs as the acceptor is a poly-hexylthiophene 
drivative. Bulk heterojunction cells with this material has been 
fabricated resulting in a power conversion efficiency of 
0.52%. This work is also with nonstandard illumination, 
making comparison difficult. The polymer is reported to have 
advantages over P3HT due to the ease of fabrication and 
better stability against moisture and oxygen [64]. 
Double wall carbon nanotubes (DWCNTs) as the accepter 
material in a bulk heterojunction configuration has also been 
attempted, with P3OT as the acceptor material albeit with very 
low device efficiency at 0.001% [65]. Use of MWCNTs as the 
electron acceptor has also been attempted, however with 
insignificant device efficiencies [66]. Acid functionalized 
MWCNTs have been used in PTEBS, a water soluble 
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polymer, leading to 0.5 % efficient hybrid devices [67]. The 
MWCNT content was 1 to 7.5% by weight in these 
composites, and the authors report reduced series resistances 
leading to better fill factors with the incorporation of 
MWCNTS.  
A study on the use of P3HT with all three types of CNTs 
has been performed, however, the device characterisation is 
nonstandard, therefore meaningful comparisons cannot be 
made [68]. 
With the success of polythiophene-fullerene derivative bulk 
heterojunction solar cells after 2005 [7], attempts have been 
made to incorporate CNTs in the active layer of P3HT:PCBM 
systems. The most successful devices have shown 2.0% 
efficiency with 0.1% by weight MWCNTs in the active layer. 
An increase of Jsc and a reduced Voc are reported for these 
devices although the reference device performances are poor 
for a typical polythiophene/fullerene derivative bulk 
heterojunction with efficiency at 0.6% [69]. 
SWCNTs have been utilized in conjunction with C60 as the 
acceptor material for P3HT bulk heterojunction devices. The 
best reported efficiency for this system is 0.57% photovoltaic 
device based on a poly(phenyleneethynylene)/SWCNT 
composite active layer [70]. Another  composite consisting of 
a semiconducting oligomer, known as QTF12, and DWCNTs 
has been used with PCBM in bulk heterojunction 
configuration resulting in 0.5 % efficient hybrid PV devices 
[71]. Acid functionalized SWNTs Cin bulk heterojunction 
P3HT:PCBM devices has also been reported to yield 
efficiencies as high as 1.4%, compared to reference devices of 
1% efficiency [72]. Significant effort has been placed on 
studying this system, however, with limited success in terms 
of device performance [73]. 
Incorporation of DWCNTs in a P3OT matrix has been 
reported as part of a hybrid PV device on n type silicon. The 
reported efficiency is ~0.5%, however, the work does not 
identify the photo-current contribution from silicon, making 
the work requiring further study [74]. Silicon/P3OT:MWCNT 
hybrid device structures have also been reported where Pt 
decorated MWCNTs yield 0.775% efficient cells. The work 
compares the performance to devices with pristine MWCNTs 
which yields lower efficiency of 0.145% [75]. Further work 
incorporating both SWCNTs and acid functionalized 
MWCNTs in P3OT and same architecture on silicon have 
yielded 0.98% efficient hybrid devices [76]. In a separate 
report the same system with microwave plasma functionalised 
MWCNTs in nitrogen yield lower efficiencies at 0.086% [77].  
TABLE III 
NOTABLE CARBON NANOTUBE:ORGANIC HYBRID PV 
Year Architecture 
Voc (V) Jsc 
(mA/cm2) 
FF 
(%) 
η (%) Device 
Area (cm2) 
Spectrum 
/(mW/cm2) 
Ref. 
2002 Glass/ITO/P3OT/P3OT:SWCNT/Al 0.75 0.12 40 0.04 - AM 1.5/100 [60] 
2005 Glass/SWCNT/PEDOT:PSS/ P3HT:PCBM/Ga 0.50 6.50 30 0.99 0.07 -/100 [84] 
2006 PET/SWCNT/PEDOT:PSS/P3HT:PCBM/Al 0.61 7.80 52 2.50 0.04 AM 1.5G/100 [86] 
2006 Glass/ITO/PEDOT:PSS/ PTEBS:MWCNT/C60/Al 0.57 1.52 62 0.55 0.10 AM 1.5/100 [67] 
2007 Glass/ITO/MWCNT/P3HT:PCBM/LiF/Al 0.50 4.00 47 0.93 0.08 AM 1.5/100 [79] 
2007 Glass/ITO/PEDOT:PSS/ P3HT:PCBM:MWCNT/LiF/Al 0.57 9.33 38 2.00 0.28 AM 1.5/100 [69] 
2007 Glass/ITO/PEDOT:PSS/ P3HT:C60:SWCNT/LiF/Al 0.54 2.69 49 0.75 0.16 AM 1.5/95 [70] 
2008 Glass/ITO/PEDOT:PSS/P3HT:SWCNT/Al 0.48 1.93 42 0.52 0.25 -/70 [64] 
2008 Glass/ITO/PEDOT:PSS/ P3HT:PCBM:SWCNT/Al 0.55 4.95 52 1.40 0.05 AM 1.5/100 [72] 
2009 Glass/ITO/PEDOT:PSS/ 
QTF12:PCBM:DWCNT/LiF/Al 
0.56 2.37 37 0.50 0.28 AM 1.5/100 [71] 
2009 N type Si/MWCNT:SWCNT/P3OT/Au 0.44 6.16 36 0.98 - AM 1.5/- [76] 
2009 Glass/ITO/MWCNT/P3HT:PCBM/LiF/Al 0.61 7.30 62 2.70 0.35 AM 1.5G/100 [81] 
2009 Glass/ITO/ODA-SWCNT:P3HT:PC70BM/BCP/Al 0.52 7.66 44 1.76 0.80 AM 1.5G/100 [this work] 
Although a number of functionalization techniques have 
been utilized to improve the solubility of CNTs in organic 
solvents, we have experienced that Octadecylamine (ODA) 
functionalized CNTs dissolve well in 1-2 Dichlorobenzene, 
(DCB) commonly used as the solvent for P3HT/PCBM active 
layer casting in organic PVs. We used ODA functionalized 
SWCNTs bought from Sigma Aldrich, as received at 0.1 
mg/ml solution of DCB, before adding 24 mg of P3HT 
followed by 24 mg of [6,6]-phenyl-C71-butyric acid methyl 
ester (PC70BM) to be used as the active layer of a hybrid PV. 
130 nm thick active layer spin casted, slow dried in a N2 
Glove box, on oxygen plasma treated ITO coated glass 
substrate was used to complete the hybrid cell with 8 nm of 
Bathocuproine (BCP) layer before 80 nm of Al as the back 
electrode. The 80 mm2 devices were measured under AM 
1.5G illumination, resulting in an initial efficiency of 1.76%, 
with Voc of 0.52 V and a Jsc of 7.66 mA/cm2. Fig. 2 illustrates 
the J-V characteristics for this ODA-SWCNT:P3HT:PC70BM 
active layer device. This is one of the highest efficiencies 
reported for a SWCNT:P3HT:PC70BM system, and first 
results for ODA functionalized SWCNTs. 
 
Fig. 2. J-V characteristics for the ODA-SWCNT:P3HT:PC70BM active layer 
device (circles: dark, squares: AM1.5G illumination).  
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What is evident from this experiment as well as previous 
work is that CNTs as active layers lead to lower Voc likely to 
be due to weak diode creation in the large area hybrid 
structure, due to the thin active layer of the system. Much 
work is needed to ascertain if the CNTs in the active layer can 
enhance the charge collection, either through exciton 
dissociation or enhanced charge transport. 
B. CNTs as a charge collection interface at the electrode 
A number of attempts have been made to utilize CNTs as a 
hole extraction layer at the transparent electrode of organic 
PV devices turning them in to hybrid systems. SWCNTs have 
been incorporated at the ITO electrode by dip coating the ITO 
coated glass substrates and ITO coated glass substrates with a 
PEDOT:PSS layer, before completing the devices with a 
P3HT:PCBM active layer. Both these cells are reported to be 
highly efficient, (4.9%) however, the J-V characteristics are 
nonstandard making it difficult to compare device 
performance with existing literature [78]. Attempts have been 
made to grow MWCNTs directly on to ITO coated glass 
substrates using chemical vapour deposition [79]. Devices 
fabricated with P3HT:PCBM active layers on top of these 
ITO/MWCNT susbstrates result in a maximum efficiency of 
0.93%, affected by an increased absorption upon MWCNT 
growth on the ITO coated glass substrate. 
Use of a MWCNT-tetrasulfonate copper phthalocyanine 
nanocomposite has also been reported as a hole extraction 
layer for bulk heterojunction devices. Its application as a high 
work function hole-extracting material has resulted in 1.25% 
efficient P3HT:PCBM hybrid PVs by spin coating the 
nanocomposite before fabrication of the active layer on ITO 
[80].Similar work compares the performance of PEDOT:PSS, 
acid functionalized MWCNTs and SWCNTs as hole 
extraction layers [81]. It has been shown that thin films of 
partially oxidized MWCNTs and SWCNTs are equally 
effective at facilitating hole-extraction in efficient (2.7%) 
P3HT:PCBM bulk-heterojunction hybrid solar cells, also 
achieved with PEDOT:PSS hole extraction layers.  
Use of transparent MWCNT sheets as an interlayer anode 
electrode for tandem cells have also been reported. The work 
interconnects a P3HT:PCBM cell on an ITO coated glass 
substrate, with a copper phthalocyanine:C60 cell on top 
through the use of MWCNT layer sandwiched by 
PEDOT:PSS, resulting in device efficiency of 0.31% [82]. 
 
C. CNTs as the transparent conductive oxide 
Transparent electrodes from SWCNTs have been 
investigated as a potential replacement of the transparent 
electrode for the thin film PV devices after Wu et al. reported 
large area films in square centimeters [83]. The films were 
soon utilized in P3HT:PCBM bulk heterojunction systems 
replacing the conventionally used ITO electrodes yielding 
devices with nearly 1% efficiency [84]. These devices had low 
FF (0.30), although they were lower for ITO based reference 
devices as well. The device employed a PEDOT:PSS layer on 
top of the SWCNT layer, as a hole extraction layer. This work 
has been enhanced by subsequent research, where SWCNTs 
are blended in PEDOT:PSS for electrode fabrication [85]. 
Using PEDOT:PSS as the host material, better dispersion of 
functionalized single wall carbon nanotubes are reported to 
have achieved increasing efficiency for P3HT:PCBM devices 
to 1.3%. The FFs are also reported to show a slight 
improvement from 0.3 to 0.4. Subsequently, using a film 
transfer process, SWCNT films were fabricated with sheet 
resistivity at 200Ω/□. Coated with a PEDOT:PSS layer, these 
films result in 160Ω/□ sheet resistivity and P3HT:PCBM 
devices yield 2.5% efficient cells compared to devices 
fabricated with ITO which are 3% efficient [86]. The use of a 
flexible substrate for this work, poly-(ethylene terephthalate) 
(PET) makes the work relevant from a manufacturability point 
of view. Similar work with spray coated SWCNT electrodes 
followed by with PEDOT:PSS and P3HT:PCBM and Al has 
resulted in 1.5% efficient devices [87]. Devices without the 
PEDOT:PSS layer perform poorly at the reduced efficiency of 
~0.5%. A 1.3% efficient P3HT:PCBM bulk heterojunction 
device has also been reported with a MWCNT transparent 
electrode on glass, starting with a freestanding MWCNT sheet 
[88]. 
Table III shows the most notable CNT-organic hybrid PV 
device parameters with respective references. 
 
Outlook 
The outlook for CNT-organic hybrid structures depends on 
increased functionality of the nanostructures, which would 
then be able to be utilized in organic systems with the required 
design criteria. Although CNTs promise much, consistent & 
repeatable techniques are necessary for good control of film 
thickness and CNT distribution from a number of solvent 
bases. These aspects are extensively studies at the moment, 
and advances can be expected from electrode applications as 
well as intermediate charge transport layers in hybrid PVs. 
IV. SEMICONDUCTOR NANOWIRE ORGANIC PVS 
Recent work on hybrid organic/inorganic systems involves 
the use of nanowires as electron acceptors [89]. Silicon 
nanowires grown on a silicon substrate has been transferred in 
to a P3HT:PCBM bulk heterojunction active layer, before 
deposition of an Al electrode. These devices are 1.9% 
efficient, but are much lower than the typical 4% for such 
systems [90]. Another system utilizes P3OT:MWCNT blend 
with Si nanowires grown on a Si wafer with best efficiency of 
0.6% [91]. Si nanowires directly grown on ITO coated glass 
substrates have been used for Si nanowire/P3HT:PCBM 
hybrid cells with 0.43% efficiency [92]. CdS 
nanowire/MEH:PPV hybrid cells on FTO coated glass 
substrates have also been attempted with device efficiencies at 
1.62% [93]. 
 
Outlook 
Application of nanowires in organic PV systems is 
becoming an area of significant interest. With the use of 
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silicon and other semiconducting nanowires being highly 
photoactive, enhanced charge transport while contributing to 
the photocurrent can be expected from these hybrid devices. 
This will further raise the potential of these devices in terms of 
power conversion efficiency. 
 
V. SEMICONDUCTOR QUANTUM DOT ORGANIC PVS 
Semiconductor NCs with dimensions comparable to the 
exciton-Bohr radius of the material show vastly different 
properties to the bulk. This results from the change of the 
electronic configuration due to effects of quantum 
confinement. Most notably, the energy of the lowest excitonic 
state is observed to change inversely with the NC size. 
Furthermore, the densities of states become more discrete in 
nature demonstrating a molecular-like absorption of light. 
Such optical tuneability can be utilized to realize novel 
optoelectronic devices such as light emitting diodes, lasers and 
PVs. Photoactive organic materials posses high optical 
bandgaps which limits the light absorption capability. It is 
believed that the use of NCs could potentially address this 
critical limitation by increasing the spectral sensitivity of 
hybrid devices to match the solar spectrum, and increase the 
power conversion efficiency [11]. To this end such hybrid PV 
devices have reported efficiencies up to 2.8% [94, 95]. 
However, the NCs utilized in these reports are limited to wide 
bandgap Cd based chalcogenides that do not harvest near 
infra-red photons (λ > 750 nm) which comprise ~ 47% of 
AM1.5G spectrum. A possible solution for this problem is the 
use of narrow bandgap NCs such as Pb chalogenides (PbS, 
PbSe). Synthesis of PbS NCs has been reported in detail, and 
has been utilised for fabrication of hybrid PV devices 
successfully [96]. The high ionization potential of the PbS 
NCs (5.2 eV [97]) together with its lower band gap ( ~1 eV) 
makes it an attractive option to be used as a photoelectron 
donor in a hybrid device configuration. C60 is often used as an 
electron acceptor with organic polymers and small molecular 
materials demonstrating ultrafast charge transfer rates [2]. 
Furthermore, the lower electron affinity of C60 (4.5 eV [98]) 
can make an effective heterojunction with PbS NCs for 
exciton dissociation. The first experiments on this regard were 
carried out by fabricating bilayer devices between the PbS 
NCs and C60 [99]. Oleic ligand capped PbS NCs were spin 
coated on ITO coated glass followed by the deposition of a 
C60 layer to obtain bilayer devices. Due to the insulating 
nature of oleic ligands coupled with the large NC separation 
(~4 nm) resulted in a reduced Jsc of 11 μAcm−2 under AM1.5G 
illumination. The Jsc was improved up to 340 μAcm−2 by 
thermal annealing at 300 oC, partially removing the capping 
ligands, studied by X-ray photoelectron spectroscopy. 
However, along with the desired ligand pyrolysis, thermal 
annealing was observed to damage the NC structure 
mitigating further improvement of the photocurrent. Despite 
the low efficiency, (0.015%), these devices showed for the 
first time an infrared photosensitivity up to 1600 nm with 
external quantum efficiency (EQE) of 0.025% in a Pb NC 
based hybrid device. 
 
Fig 3. A cross sectional transmission electron micrograph of 
ITO/PEDOT:PSS/PbS NCs/C60/BCP/Al device. 
 
Subsequently, the as-synthesized oleic acid ligands were 
exchanged to shorter butlyamine as a possible route to 
improve charge transport between the PbS NCs [100]. In 
addition, the shorter ligand capped NCs formed smoother 
films (2.48 nm RMS roughness) compared to oleic acid 
capped NCs (10.65 nm RMS roughness) on PEDOT:PSS 
coated ITO substrates. This, believed to be caused by 
chemisorption between the bulyamine moiety and the PSS 
groups, made possible the deposition of thin films of NCs 
(~100 nm) without pinholes reducing shorting. The deposited 
NC films were further pre-treated by immersing in methanol, 
which removed the residual ligands resulting in a dramatic 
increase of the Jsc up to 5 mA/cm2 and thirty fold 
improvement of efficiency (0.44%) in fabricated NC/C60 
bilayer device [101]. Furthermore, an improvement in the 
EQE of 35% in the visible range and 5% EQE in the infrared 
regime was also observed. Fig. 3 illustrates a cross sectional 
transmission electron micrograph of the device. 
A simplified model considering the photon absorption and 
exciton dissociation at normal incidence of light through a 
bilayer of NCs and C60 has been used to estimate the 
maximum Jsc expected from this configuration [136]. Under 
AM1.5G an approximate Jsc of 15 mAcm-2 is predicted using 
this model for the above mentioned layer thickness. 
Experimentally, one third of the maximum current density was 
obtained from the PV devices and the difference is attributed 
to losses in excition dissociation and charge extraction, 
respectively. Better control of the active layer thickness and 
optimized removal of residual ligands is expected to enhance 
the Jsc closer to the maximum.  
However, the crucial factor affecting the overall efficiency 
in these NCs hybrids device is the low Voc. The optimized PbS 
NC/C60 described in [97] demonstrated a Voc of 0.23 V under 
AM1.5G. The maximum attainable Voc in an excitonic PV 
device is known to be the difference between lowest 
unoccupied and highest occupied molecular orbitals of the 
acceptor and the donor respectively [102]. Using this method 
the theoretical maximum Voc between PbS NCs and C60 was 
estimated to be 0.7 V [97]. The disparity between the 
experimentally obtained Voc and the theoretical maximum is 
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suggested to be due to the formation of an interfacial dipole 
layer between the PEDOT:PSS and the PbS NCs [97]. 
Therefore, modification of the interfaces with appropriate 
electrical dipoles is a possible route to improve the Voc and 
was further explored. 
Since the hole accepting interface is believed to govern the 
Voc in the PbS NC/C60 devices, interfacial modifications were 
attempted during our most recent investigations. To increase 
the potential energy of the extracted hole, an increase of work 
function at the ITO/PbS NC interface was needed. Thermally 
deposited thin film (2 nm) of polytetrafluoroethylene (Teflon) 
was used as an interfacial layer for this purpose. Teflon 
demonstrates a high work function and has been used 
previously for interfacial modification in organic PV devices 
[103]. However use of Teflon is limited due to its low charge 
conductivity, extremely high surface energy and resistance 
towards chemical bonding.  
 
Fig. 4. J-V characteristics of Glass/ITO/PEDOT:PSS/PbS NCs/C60/BCP/Al 
(squares), Glass/ITO/Teflon (2 nm)/ PEDOT:PSS/PbS NC/C60/BCP/Al and 
ITO (circles) and Glass/ITO/Teflon (2 nm)/PbS NC/C60/BCP/Al (triangles). 
 
Fig. 4 shows the comparison of the J-V characteristics of 
PbS NC/C60 based devices using a 2 nm layer of Teflon as an 
interfacial layer measured under AM1.5G. The reference 
ITO/PEDOT:PSS/PbS NC/C60/BCP/Al  device, without the 
Teflon layer, has a Voc of 0.23 V, agreeing with our earlier 
work. Incorporating a 2 nm film of Teflon between the ITO 
and PEDOT:PSS increased the Voc  by 50 mV to 0.28 V. 
However, the presence of a charge barrier in the form of 
insulating Teflon is observed to decrease the Jsc (0.96 
mA/cm2) compared to the reference device (1.15 mA/cm2). As 
can be seen qualitatively from fig 5, the FF of the Teflon 
incorporated device dropped to 0.33 from the 0.42 obtained 
for the reference. The importance of using a PEDOT:PSS 
layer spin coated on top of Teflon is evident from the resistive 
nature of ITO/Teflon/PbS NCs/PCP/Al device characteristics. 
PEDOT:PSS acts as a buffer layer on top of the 2 nm film of 
Teflon passivating its porous nature increasing the shunt 
resistance. Additionally, chemisorption between the 
PEDOT:PSS and the PbS NCs enabled the uniform film 
formation for improved device performance. Even though an 
improvement of Voc is observed by the incorporation of a 
Teflon layer, the reduction of the Jsc and fill factor resulted in 
an overall poor efficiency of 0.09% with respect to the 0.11% 
for the reference device. All the same this technique opens the 
possibility for a deeper study of the interfacial modification in 
hybrid devices as a possible method to improve device 
performance.  
 
Outlook  
 Utilization of infrared region of solar spectrum in solution 
processable PVs is currently studied extensively. Band gap 
tunable semiconductor NCs have been used to this end with 
organic electron accepting material, albeit with very low 
device efficiencies. It can be expected that these low energy 
photon harvesting hybrid devices can find applications as 
parts of tandem architectures, contributing towards 
commercial, organic-inorganic hybrid PVs. Fundamental 
drawback in fabricating such tandem architectures lie in the 
poor transport characterisitics of the NCs and insufficient 
understanding of the charge/energy transfer between the 
organic-NCs. Furthermore, the toxic nature of the materials 
comprising these NCs may also pose a major obstacle to the 
development of this field. However, the prospects of 
fabricating extremely high efficiency PVs, harnessing the 
property of muli-carrier generation in NCs, will continue to 
strongly drive NCs based hybrid PV research in the future. 
Other non-toxic forms on NCs will also emerge which could 
potentially replace current heavy metal containing NCs. 
 
VI. CONCLUSION 
A comprehensive review of organic-inorganic hybrid PV 
devices is presented. Fig. 5 illustrates the progression of 
notable hybrid PVs over the last decade, which are extracted 
from tables I, II & III. Although a vast array of literature is 
available for different photoactive material systems/device 
architectures, the most successful hybrid system to date has 
been the bulk-heterojunction system. Most of the materials 
discussed have been investigated with polythiophene/fullerene 
derivative bulk heterojunction systems, resulting in a 
maximum of 6.1% for a TiO2 optical-spacer utilized bulk 
heterojunction solar cell with PCDTBT. 
 
Fig. 5. Progress of hybrid PVs from year 2000, in terms of efficiency. 
 
TiO2 and ZnO compete for the similar applications in these 
systems, with reports of stability increase of the hybrid 
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devices once incorporated. Use of ZnO as an electron acceptor 
has potential as well, considering the added benefits of 
stability and ease of fabrication. 
Use of CNT in organic systems has shown some progress. 
However, much work is still necessary for the CNTs to be 
controllably dispersed in solvents. Once good control of 
distributions is achieved, it is envisaged that CNTs will play a 
major role in addressing engineering problems of organic PVs 
towards a solution processable, printable future. The ongoing 
research on QDs for longer wavelength light harvesting is also 
showing promise, and provides more opportunities for 
integration into solution processable hybrid photovoltaics. 
REFERENCES 
[1] R. F. Service, "SOLAR ENERGY: Can the Upstarts Top Silicon?." 
Science, vol. 319, pp. 718-720, 2008. 
[2] N. S. Sariciftci, L. Smilowitz, A. J. Heeger, and F. Wudl, "Photoinduced 
electron transfer from a conducting polymer to buckminsterfullerene," 
Science, vol. 258, pp. 1474-1476, 1992. 
[3] N. S. Sariciftci, D. Braun, C. Zhang, V. I. Srdanov, A. J. Heeger, G. 
Stucky, and F. Wudl, "Semiconducting polymer-buckminsterfullerene 
heterojunctions: diodes, photodiodes, and photovoltaic cells," Applied 
Physics Letters, vol. 62, pp. 585-587, 1993. 
[4] J. J. M. Halls, C. A. Walsh, N. C. Greenham, E. A. Marseglia, R. H. 
Friend, S. C. Moratti, and A. B. Holmes, "Efficient photodiodes from 
interpenetrating polymer networks," Nature, vol. 376, pp. 498-500, 
1995. 
[5] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger, "Polymer 
photovoltaic cells: enhanced efficiencies via a network of internal donor-
acceptor heterojunctions," Science, vol. 270, pp. 1789-1791, 1995. 
[6] P. Peumans, S. Uchida, and S. R. Forrest, "Efficient bulk heterojunction 
photovoltaic cells using small-molecular-weight organic thin films," 
Nature, vol. 425, pp. 158-162, 2003. 
[7] L. Gang, V. Shrotriya, H. Jinsong, Y. Yan, T. Moriarty, K. Emery, and 
Y. Yang, "High-efficiency solution processable polymer photovoltaic 
cells by self-organization of polymer blends," Nature Materials, vol. 4, 
pp. 864-868, 2005. 
[8] K. Jin Young, L. Kwanghee, N. E. Coates, D. Moses, N. Thuc-Quyen, 
M. Dante, and A. J. Heeger, "Efficient tandem polymer solar cells 
fabricated by all-solution processing," Science, vol. 317, pp. 222-225, 
2007. 
[9] G. Dennler, M. C. Scharber, and C. J. Brabec, "Polymer-fullerene bulk-
heterojunction solar cells," Advanced Materials, vol. 21, pp. 1323-1338, 
2009. 
[10] H.-Y. Chen, J. Hou, S. Zhang, Y. Liang, G. Yang, Y. Yang, L. Yu, Y. 
Wu, and G. Li, "Polymer solar cells with enhanced open-circuit voltage 
and efficiency," Nat Photon, vol. 3, pp. 649-653, 2009. 
[11] E. H. Sargent, "Infrared photovoltaics made by solution processing," Nat 
Photon, vol. 3, pp. 325-331, 2009. 
[12] B. O'Regan and M. Gratzel, "A low-cost, high-efficiency solar cell based 
on dye-sensitized colloidal TiO2 films," Nature, vol. 353, pp. 737-740, 
1991. 
[13] J. Boucle, P. Ravirajan, and J. Nelson, "Hybrid polymer-metal oxide thin 
films for photovoltaic applications," Journal of Materials Chemistry, 
vol. 17, pp. 3141-3153, 2007. 
[14] M. D. McGehee, "Nanostructured organic-inorganic hybrid solar cells," 
MRS Bulletin, vol. 34, pp. 95-100, 2009. 
[15] K. Kajihara, K. Tanaka, K. Hirao, and N. Soga, "Photovoltaic effect in 
titanium dioxide/zinc phthalocyanine cell," Japanese Journal of Applied 
Physics, Part 1 (Regular Papers, Short Notes &amp; Review Papers), 
vol. 35, pp. 6110-6116, 1996. 
[16] A. C. Arango, L. R. Johnson, V. N. Bliznyuk, Z. Schlesinger, S. A. 
Carter, and H.-H. Horhold, "Efficient titanium oxide/conjugated polymer 
photovoltaics for solar energy conversion," Advanced Materials, vol. 12, 
pp. 1689-1692, 2000. 
[17] P. A. Van Hal, M. M. Wienk, J. M. Kroon, W. J. H. Verhees, L. H. 
Slooff, W. J. H. Van Gennip, P. Jonkheijm, and R. A. J. Janssen, 
"Photoinduced electron transfer and photovoltaic response of a MDMO-
PPV:TiO2 bulk-heterojunction," Advanced Materials, vol. 15, pp. 118-
121, 2003. 
[18] E. Itoh, I. Suzuki, and K. Miyairi, "Field emission from carbon-
nanotube-dispersed conducting polymer thin film and its application to 
photovoltaic devices," Japanese Journal of Applied Physics, Part 1 
(Regular Papers, Short Notes &amp; Review Papers), vol. 44, pp. 636-
640, 2005. 
[19] A. J. Breeze, Z. Schlesinger, S. A. Carter, and P. J. Brock, "Charge 
transport in TiO2/MEH-PPV polymer photovoltaics," Physical Review 
B, vol. 64, pp. 125205-1-125205-9, 2001. 
[20] P. Ravirajan, S. A. Haque, J. R. Durrant, D. D. C. Bradley, and J. 
Nelson, "The effect of polymer optoelectronic properties on the 
performance of multilayer hybrid polymer/TiO2 solar cells," Advanced 
Functional Materials, vol. 15, pp. 609-618, 2005. 
[21] P. Ravirajan, D. D. C. Bradley, J. Nelson, S. A. Haque, J. R. Durrant, H. 
J. P. Smit, and J. M. Kroon, "Efficient charge collection in hybrid 
polymer/TiO2 solar cells using 
poly(ethylenedioxythiophene)/polystyrene sulphonate as hole collector," 
Applied Physics Letters, vol. 86, pp. 143101-1-143101-3, 2005. 
[22] S. Hee-Sang, N. Seok-In, N. Sang Hoon, A. Hyo-Jin, K. Hae Jin, K. 
Dong-Yu, and K. Won Bae, "Efficient photovoltaic device fashioned of 
highly aligned multilayers of electrospun TiO2 nanowire array with 
conjugated polymer," Applied Physics Letters, vol. 92, pp. 183107-1-
183107-3, 2008. 
[23] C. L. Huisman, A. Goossens, and J. Schoonman, "Aerosol preparation of 
a nanostructured composite of titanium dioxide and poly(3-octyl) 
thiophene," Seattle, WA, United states, 2002, pp. 80-86. 
[24] Q. Qiao and J. T. McLeskey Jr, "Water-soluble 
polythiophenenanocrystalline TiO2 solar cells," Applied Physics Letters, 
vol. 86, pp. 1-3, 2005. 
[25] K. M. Coakley and M. D. McGehee, "Photovoltaic cells made from 
conjugated polymers infiltrated into mesoporous titania," Applied 
Physics Letters, vol. 83, pp. 3380-3382, 2003. 
[26] T.-F. Guo, G. L. v. Pakhomov, T.-C. Wen, X.-G. Chin, and S.-H. Liou, 
"Effect of TiO2 nanoparticles on polymer-based bulk heterojunction 
solar cells," Japanese Journal of Applied Physics, Part 2: Letters, vol. 
45, pp. L1314-L1316, 2006. 
[27] L. Yun-Yue, C. Tsung-Hung, C. Chun-Wei, and S. Wei-Fang, 
"Improved performance of polymer/TiO2 nanorod bulk heterojunction 
photovoltaic devices by interface modification," Applied Physics Letters, 
vol. 92, pp. 053312-1-053312-3, 2008. 
[28] G. K. Mor, K. Shankar, M. Paulose, O. K. Varghese, and C. A. Grimes, 
"High efficiency double heterojunction polymer photovoltaic cells using 
highly ordered TiO2 nanotube arrays," Applied Physics Letters, vol. 91, 
pp. 152111-1-152111-3, 2007. 
[29] B.-Y. Yu, A. Tsai, S.-P. Tsai, K.-T. Wong, Y. Yang, C.-W. Chu, and J.-
J. Shyue, "Efficient inverted solar cells using TiO2 nanotube arrays," 
Nanotechnology, vol. 19, pp. 255202-1-255202-5, 2008. 
[30] T. Kuwabara, H. Sugiyama, T. Yamaguchi, and K. Takahashi, "Inverted 
type bulk-heterojunction organic solar cell using electrodeposited 
titanium oxide thin films as electron collector electrode," Thin Solid 
Films, vol. 517, pp. 3766-3769, 2009. 
[31] W.-H. Baek, I. Seo, T.-S. Yoon, H. H. Lee, C. M. Yun, and Y.-S. Kim, 
"Hybrid inverted bulk heterojunction solar cells with nanoimprinted 
TiO2 nanopores," Solar Energy Materials and Solar Cells, vol. 93, pp. 
1587-1591, 2009. 
[32] C. S. Kim, S. S. Lee, E. D. Gomez, J. B. Kim, and Y.-L. Loo, "Transient 
photovoltaic behavior of air-stable, inverted organic solar cells with 
solution-processed electron transport layer," Applied Physics Letters, 
vol. 94, pp. 113302-1-113302-3, 2009. 
[33] S. K. Hau, Y. Hin-Lap, O. Acton, B. Nam Seob, M. Hong, and A. K. Y. 
Jen, "Interfacial modification to improve inverted polymer solar cells," 
Journal of Materials Chemistry, vol. 18, pp. 5113-5119, 2008. 
[34] S. H. Park, A. Roy, S. Beaupre, S. Cho, N. Coates, J. S. Moon, D. 
Moses, M. Leclerc, K. Lee, and A. J. Heeger, "Bulk heterojunction solar 
cells with internal quantum efficiency approaching 100%," Nat Photon, 
vol. 3, pp. 297-302, 2009. 
[35] U. Ozgur, Y. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Dogan, 
V. Avrutin, S. J. Cho, and H. Morko, "A comprehensive review of ZnO 
materials and devices," Journal of Applied Physics, vol. 98, pp. 1-103, 
2005. 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
11
[36] I. Gonzalez-Valls and M. Lira-Cantu, "Vertically-aligned nanostructures 
of ZnO for excitonic solar cells: A review," Energy and Environmental 
Science, vol. 2, pp. 19-34, 2009. 
[37] W. Zhong Lin, "Zinc oxide nanostructures: growth, properties and 
applications," Journal of Physics: Condensed Matter, vol. 16, pp. 829-
858, 2004. 
[38] W. J. E. Beek, M. M. Wienk, and R. A. J. Janssen, "Efficient hybrid 
solar cells from zinc oxide nanoparticles and a conjugated polymer," 
Advanced Materials, vol. 16, pp. 1009-1013, 2004. 
[39] W. J. E. Beek, L. H. Slooff, M. M. Wienk, J. M. Kroon, and R. A. J. 
Janssen, "Hybrid solar cells using a zinc oxide precursor and a 
conjugated polymer," Advanced Functional Materials, vol. 15, pp. 1703-
1707, 2005. 
[40] W. J. E. Beek, M. M. Wienk, M. Kemerink, X. Yang, and R. A. J. 
Janssen, "Hybrid zinc oxide conjugated polymer bulk heterojunction 
solar cells," Journal of Physical Chemistry B, vol. 109, pp. 9505-9516, 
2005. 
[41] W. J. E. Beek, M. M. Wienk, and R. A. J. Janssen, "Hybrid solar cells 
from regioregular polythiophene and ZnO nanoparticles," Advanced 
Functional Materials, vol. 16, pp. 1112-1116, 2006. 
[42] A. M. Peiro, P. Ravirajan, K. Govender, D. S. Boyle, P. O'Brien, D. D. 
C. Bradley, J. Nelson, and J. R. Durrant, "Hybrid polymer/metal oxide 
solar cells based on ZnO columnar structures," Journal of Materials 
Chemistry, vol. 16, pp. 2088-2096, 2006. 
[43] D. C. Olson, S. E. Shaheen, R. T. Collins, and D. S. Ginley, "The effect 
of atmosphere and ZnO morphology on the performance of hybrid 
poly(3-hexylthiophene)/ZnO nanofiber photovoltaic devices," Journal of 
Physical Chemistry C, vol. 111, pp. 16670-16678, 2007. 
[44] D. C. Olson, J. Piris, R. T. Collins, S. E. Shaheen, and D. S. Ginley, 
"Hybrid photovoltaic devices of polymer and ZnO nanofiber 
composites," Thin Solid Films, vol. 496, pp. 26-29, 2006. 
[45] D. C. Olson, S. E. Shaheen, M. S. White, W. J. Mitchell, M. F. A. M. 
Van Hest, R. T. Collins, and D. S. Ginley, "Band-offset engineering for 
enhanced open-circuit voltage in polymer-oxide hybrid solar cells," 
Advanced Functional Materials, vol. 17, pp. 264-269, 2007. 
[46] Y.-Y. Lin, C.-W. Chen, T.-H. Chu, W.-F. Su, C.-C. Lin, C.-H. Ku, J.-J. 
Wu, and C.-H. Chen, "Nanostructured metal oxide/conjugated polymer 
hybrid solar cells by low temperature solution processes," Journal of 
Materials Chemistry, vol. 17, pp. 4571-4576, 2007. 
[47] L. E. Greene, M. Law, B. D. Yuhas, and P. Yang, "ZnO - TiO2 Core - 
Shell nanorod/P3HT solar cells," Journal of Physical Chemistry C, vol. 
111, pp. 18451-18456, 2007. 
[48] H. E. Unalan, P. Hiralal, D. Kuo, B. Parekh, G. Amaratunga, and M. 
Chhowalla, "Flexible organic photovoltaics from zinc oxide nanowires 
grown on transparent and conducting single walled carbon nanotube thin 
films," Journal of Materials Chemistry, vol. 18, pp. 5909-5912, 2008. 
[49] D. J. D. Moet, L. J. A. Koster, B. De Boer, and P. W. M. Blom, "Hybrid 
polymer solar cells from highly reactive diethylzinc: MDMO-PPV 
versus P3HT," Chemistry of Materials, vol. 19, pp. 5856-5861, 2007. 
[50] S. D. Oosterhout, M. M. Wienk, S. S. Van Bavel, R. Thiedmann, L. Jan 
Anton Koster, J. Gilot, J. Loos, V. Schmidt, and R. A. J. Janssen, "The 
effect of three-dimensional morphology on the efficiency of hybrid 
polymer solar cells," Nature Materials, vol. 8, pp. 818-824, 2009. 
[51] S. K. Hau, Y. Hin-Lap, B. Nam Seob, Z. Jingyu, K. Omalley, and A. K. 
Y. Jen, "Air-stable inverted flexible polymer solar cells using zinc oxide 
nanoparticles as an electron selective layer," Applied Physics Letters, 
vol. 92, pp. 253301-1-253301-3, 2008. 
[52] J. Gilot, I. Barbu, M. M. Wienk, and R. A. J. Janssen, "The use of ZnO 
as optical spacer in polymer solar cells: theoretical and experimental 
study," Applied Physics Letters, vol. 91, pp. 113520-1-113520-3, 2007. 
[53] H.-L. Yip, S. K. Hau, N. S. Baek, and A. K. Y. Jen, "Self-assembled 
monolayer modified ZnO/metal bilayer cathodes for polymer/fullerene 
bulk-heterojunction solar cells," Applied Physics Letters, vol. 92, pp. 
193313-1-193313-3, 2008. 
[54] H.-L. Yip, S. K. Hau, N. S. Baek, H. Ma, and A. K. Y. Jen, "Polymer 
solar cells that use self-assembled-monolayer-modified ZnO/metals as 
cathodes," Advanced Materials, vol. 20, pp. 2376-2382, 2008. 
[55] F. C. Krebs, Y. Thomann, R. Thomann, and J. W. Andreasen, "A simple 
nanostructured polymer/ZnO hybrid solar cell-preparation and operation 
in air," Nanotechnology, vol. 19, pp. 424013-1-424013-12, 2008. 
[56] J. Liu, S. Wang, Z. Bian, M. Shan, and C. Huang, "Organic/inorganic 
hybrid solar cells with vertically oriented ZnO nanowires," Applied 
Physics Letters, vol. 94, pp. 173107-1-173107-3, 2009. 
[57] R. A. Hatton, A. J. Miller, and S. R. P. Silva, "Carbon nanotubes: A 
multi-functional material for organic optoelectronics," Journal of 
Materials Chemistry, vol. 18, pp. 1183-1192, 2008. 
[58] M.-F. Yu, O. Lourie, M. J. Dyer, K. Moloni, T. F. Kelly, and R. S. 
Ruoff, "Strength and breaking mechanism of multiwalled carbon 
nanotubes under tensile load," Science, vol. 287, pp. 637-640, 2000. 
[59] V. Sgobba, G. M. A. Rahman, D. M. Guldi, N. Jux, S. Campidelli, and 
M. Prato, "Supramolecular assemblies of different carbon nanotubes for 
photoconversion processes," Advanced Materials, vol. 18, pp. 2264-
2269, 2006. 
[60] E. Kymakis and G. A. J. Amaratunga, "Single-wall carbon 
nanotube/conjugated polymer photovoltaic devices," Applied Physics 
Letters, vol. 80, pp. 112-114, 2002. 
[61] J. Mao, Q. Liu, X. Lv, Z. Liu, Y. Huang, Y. Ma, Y. Chen, and S. Yin, "A 
water-soluble hybrid material of single-walled carbon nanotubes with an 
amphiphilic poly(phenyleneethynylene): Preparation, characterization, 
and photovoltaic properties," Journal of Nanoscience and 
Nanotechnology, vol. 7, pp. 2709-2718, 2007. 
[62] Q. Liu, J. Mao, Z. Liu, N. Zhang, Y. Wang, L. Yang, S. Yin, and Y. 
Chen, "A photovoltaic device based on a 
poly(phenyleneethynylene)/SWNT composite active layer," 
Nanotechnology, vol. 19, pp. 115601-1-115601-5, 2008. 
[63] Y. Daqin, F. Wei, W. Hongcai, L. Baoming, L. Xiaozheng, Y. Wenhui, 
Q. Junfen, G. Song, and Y. Shaolin, "Controllable functionalization of 
single-wall carbon nanotubes by in situ polymerization method for 
organic photovoltaic devices," Synthetic Metals, vol. 158, pp. 977-983, 
2008. 
[64] M. Lanzi, L. Paganin, and D. Caretti, "New photoactive oligo- and poly-
alkylthiophenes," Polymer, vol. 49, pp. 4942-4948, 2008. 
[65] S. P. Somani, P. R. Somani, E. Flahaut, G. Kalita, and M. Umeno, 
"Double-walled carbon nanotubes-incorporated donor-acceptor-type 
organic photovoltaic devices using poly(3-octylthiophene) and C60," 
Japanese Journal of Applied Physics, vol. 47, pp. 1219-1222, 2008. 
[66] M. Reyes-Reyes, R. Lopez-Sandoval, J. Liu, and D. L. Carroll, "Bulk 
heterojunction organic photovoltaic based on polythiophene-
polyelectrolyte carbon nanotube composites," Solar Energy Materials 
and Solar Cells, vol. 91, pp. 1478-1482, 2007. 
[67] A. J. Miller, R. A. Hatton, and S. R. P. Silva, "Water-soluble multiwall-
carbon-nanotube-polythiophene composite for bilayer photovoltaics," 
Applied Physics Letters, vol. 89, pp. 123115-1-123115-3, 2006. 
[68] J. Arranz-Andres and W. J. Blau, "Enhanced device performance using 
different carbon nanotube types in polymer photovoltaic devices," 
Carbon, vol. 46, pp. 2067-2075, 2008. 
[69] S. Berson, R. De Bettignies, S. Bailly, S. Guillerez, and B. Jousselme, 
"Elaboration of P3HT/CNT/PCBM composites for organic photovoltaic 
cells," Advanced Functional Materials, vol. 17, pp. 3363-3370, 2007. 
[70] C. Li and S. Mitra, "Processing of fullerene-single wall carbon nanotube 
complex for bulk heterojunction photovoltaic cells," Applied Physics 
Letters, vol. 91, pp. 253112-1-253112-3, 2007. 
[71] L. Picard, F. Lincker, Y. Kervella, M. Zagorska, R. DeBettignies, A. 
Peigney, E. Flahaut, G. Louarn, S. Lefrant, D. Renaud, and A. Pron, 
"Composites of double-walled carbon nanotubes with bis-
quaterthiophene- fluorenone conjugated oligomer: 
Spectroelectrochemical and photovoltaic properties," Journal of 
Physical Chemistry C, vol. 113, pp. 17347-17354, 2009. 
[72] E. Kymakis, N. Kornilios, and E. Koudoumas, "Carbon nanotube doping 
of P3HT: PCBM photovoltaic devices," Journal of Physics D: Applied 
Physics, vol. 41, pp. 165110-1-165110-5, 2008. 
[73] L. Liming, W. E. Stanchina, and L. Guangyong, "Effects of 
semiconducting and metallic single-walled carbon nanotubes on 
performance of bulk heterojunction organic solar cells," Applied Physics 
Letters, vol. 94, pp. 233309-1-233309-3, 2009. 
[74] P. R. Somani, S. P. Somani, E. Flahaut, and M. Umeno, "Improving the 
photovoltaic response of a poly(3-octylthiophene)/n-Si heterojunction by 
incorporating double-walled carbon nanotubes," Nanotechnology, vol. 
18, pp. 185708-1-185708-5, 2007. 
[75] P. R. Somani, S. P. Somani, and M. Umeno, "Application of metal 
nanoparticles decorated carbon nanotubes in photovoltaics," Applied 
Physics Letters, vol. 93, pp. 033315-1-033315-3, 2008. 
[76] I. Khatri, S. Adhikari, H. R. Aryal, T. Soga, T. Jimbo, and M. Umeno, 
"Improving photovoltaic properties by incorporating both single walled 
carbon nanotubes and functionalized multiwalled carbon nanotubes," 
Applied Physics Letters, vol. 94, pp. 093509-1-093509-3, 2009. 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
12
[77] G. Kalita, S. Adhikari, H. R. Aryal, R. Afre, T. Soga, M. Sharon, and M. 
Umeno, "Functionalization of multi-walled carbon nanotubes 
(MWCNTs) with nitrogen plasma for photovoltaic device application," 
Current Applied Physics, vol. 9, pp. 346-351, 2009. 
[78] S. Chaudhary, H. Lu, A. M. Muller, C. J. Bardeen, and M. Ozkan, 
"Hierarchical placement and associated optoelectronic impact of carbon 
nanotubes in polymer-fullerene solar cells," Nano Letters, vol. 7, pp. 
1973-1979, 2007. 
[79] A. J. Miller, R. A. Hatton, G. Y. Chen, and S. R. P. Silva, "Carbon 
nanotubes grown on In2O3: Sn glass as large area electrodes for organic 
photovoltaics," Applied Physics Letters, vol. 90, pp. 023105-1-023105-
3, 2007. 
[80] R. A. Hatton, N. P. Blanchard, V. Stolojan, A. J. Miller, and S. R. P. 
Silva, "Nanostructured copper phthalocyanine-sensitized multiwall 
carbon nanotube films," Langmuir, vol. 23, pp. 6424-6430, 2007. 
[81] R. A. Hatton, N. P. Blanchard, L. W. Tan, G. Latini, F. Cacialli, and S. 
R. P. Silva, "Oxidised carbon nanotubes as solution processable, high 
work function hole-extraction layers for organic solar cells," Organic 
Electronics: physics, materials, applications, vol. 10, pp. 388-395, 2009. 
[82] S. Tanaka, K. Mielczarek, R. Ovalle-Robles, B. Wang, D. Hsu, and A. 
A. Zakhidov, "Monolithic parallel tandem organic photovoltaic cell with 
transparent carbon nanotube interlayer," Applied Physics Letters, vol. 
94, pp. 113506-1-113506-3, 2009. 
[83] W. Zhuangchun, C. Zhihong, D. Xu, J. M. Logan, J. Sippel, M. Nikolou, 
K. Kamaras, J. R. Reynolds, D. B. Tanner, A. F. Hebard, and A. G. 
Rinzler, "Transparent, conductive carbon nanotube films," Science, vol. 
305, pp. 1273-1276, 2004. 
[84] A. D. Pasquier, H. E. Unalan, A. Kanwal, S. Miller, and M. Chhowalla, 
"Conducting and transparent single-wall carbon nanotube electrodes for 
polymer-fullerene solar cells," Applied Physics Letters, vol. 87, pp. 1-3, 
2005. 
[85] E. Kymakis, G. Klapsis, E. Koudoumas, E. Stratakis, N. Kornilios, N. 
Vidakis, and Y. Franghiadakis, "Carbon nanotube/PEDOT:PSS 
electrodes for organic photovoltaics," EPJ Applied Physics, vol. 36, pp. 
257-259, 2006. 
[86] M. W. Rowell, M. A. Topinka, M. D. McGehee, H.-J. Prall, G. Dennler, 
N. S. Sariciftci, L. Hu, and G. Gruner, "Organic solar cells with carbon 
nanotube network electrodes," Applied Physics Letters, vol. 88, pp. 
233506-1-233506-3, 2006. 
[87] J. Van De Lagemaat, T. M. Barnes, G. Rumbles, S. E. Shaheen, T. J. 
Coutts, C. Weeks, I. Levitsky, J. Peltola, and P. Glatkowski, "Organic 
solar cells with carbon nanotubes replacing In2O3: Sn as the transparent 
electrode," Applied Physics Letters, vol. 88, pp. 233503-1-2335-3-3, 
2006. 
[88] R. Ulbricht, S. B. Lee, X. Jiang, K. Inoue, M. Zhang, S. Fang, R. H. 
Baughman, and A. A. Zakhidov, "Transparent carbon nanotube sheets as 
3-D charge collectors in organic solar cells," Solar Energy Materials and 
Solar Cells, vol. 91, pp. 416-419, 2007. 
[89] G. Goncher, L. Noice, and R. Solanki, "Bulk heterojunction organic-
inorganic photovoltaic cells based on doped silicon nanowires," Journal 
of Experimental Nanoscience, vol. 3, pp. 77-86, 2008. 
[90] H. Jing-Shun, H. Chieh-Yu, S. Shu-Jia, C. Jiun-Jie, and L. Ching-Fuh, 
"Well-aligned single-crystalline silicon nanowire hybrid solar cells on 
glass," Solar Energy Materials and Solar Cells, vol. 93, pp. 621-624, 
2009. 
[91] G. Kalita, S. Adhikari, H. R. Aryal, R. Afre, T. Soga, M. Sharon, W. 
Koichi, and M. Umeno, "Silicon nanowire array/polymer hybrid solar 
cell incorporating carbon nanotubes," Journal of Physics D: Applied 
Physics, vol. 42, pp. 115104-1-11510405, 2009. 
[92] C. Y. Kuo and C. Gau, "Arrangement of band structure for organic-
inorganic photovoltaics embedded with silicon nanowire arrays grown 
on indium tin oxide glass," Applied Physics Letters, vol. 95, pp. 053302-
1-053302-3, 2009. 
[93] J.-C. Lee, W. Lee, S.-H. Han, T. G. Kim, and Y.-M. Sung, "Synthesis of 
hybrid solar cells using CdS nanowire array grown on conductive glass 
substrates," Electrochemistry Communications, vol. 11, pp. 231-234, 
2009. 
[94] W. U. Huynh, J. J. Dittmer, and A. P. Alivisatos, "Hybrid nanorod-
polymer solar cells," Science, vol. 295, pp. 2425-7, 2002. 
[95] S. Baoquan, H. J. Snaith, A. S. Dhoot, S. Westenhoff, and N. C. 
Greenham, "Vertically segregated hybrid blends for photovoltaic devices 
with improved efficiency," Journal of Applied Physics, vol. 97, pp. 
14914-1, 2005. 
[96] M. A. Hines and G. D. Scholes, "Colloidal PbS Nanocrystals with Size-
Tunable Near-Infrared Emission: Observation of Post-Synthesis Self-
Narrowing of the Particle Size Distribution," Advanced Materials, vol. 
15, pp. 1844-1849, 2003. 
[97] D. M. N. M. Dissanayake, T. Lutz, R. J. Curry, and S. R. P. Silva, 
"Measurement and validation of PbS nanocrystal energy levels," Applied 
Physics Letters, vol. 93, pp. 043501-1-043501-3, 2008. 
[98] P. Peumans, A. Yakimov, and S. R. Forrest, "Small molecular weight 
organic thin-film photodetectors and solar cells," Journal of Applied 
Physics, vol. 93, pp. 3693-3723, 2003. 
[99] D. M. N. M. Dissanayake, R. A. Hatton, T. Lutz, C. E. Giusca, R. J. 
Curry, and S. R. P. Silva, "A PbS nanocrystal- C60 photovoltaic device 
for infrared light harvesting," Applied Physics Letters, vol. 91, pp. 
133506-1-133506-3, 2007. 
[100] G. Konstantatos, I. Howard, A. Fischer, S. Hoogland, J. Clifford, E. 
Klem, L. Levina, and E. H. Sargent, "Ultrasensitive solution-cast 
quantum dot photodetectors," Nature, vol. 442, pp. 180-183, 2006. 
[101] D. M. N. M. Dissanayake, R. A. Hatton, T. Lutz, R. J. Curry, and S. R. 
P. Silva, "The fabrication and analysis of a PbS nanocrystal:C60 bilayer 
hybrid photovoltaic system," Nanotechnology, vol. 20, pp. 245202-1-
245202-5, 2009. 
[102] C. J. Brabec, A. Cravino, D. Meissner, N. Serdar Sariciftci, T. Fromherz, 
M. T. Rispens, L. Sanchez, and J. C. Hummelen, "Origin of the open 
circuit voltage of plastic solar cells," Advanced Funtional Materials, vol. 
11, pp. 374-380, 2001. 
[103] B. Kang, L. W. Tan, and S. R. P. Silva, "Fluoropolymer indium-tin-
oxide buffer layers for improved power conversion in organic 
photovoltaics," Applied Physics Letters, vol. 93, pp. 133302-1-133302-
3, 2008. 
 
Damitha Adikaari received his Ph.D. in electronics engineering from the 
Uiversity of Surrey, U.K. in 2005 and B.Sc. degree in Electrical Engineering 
degree from University of Moratuwa, Sri Lanka in 1998.  
He is working as a research fellow at the Advanced Technology Institute of 
the University of Surrey. His research interest is in the area of photovoltaic 
devices and power generation. 
 
Nanditha Dissanayake received the degree of PhD in Electrical engineering 
from University of Surrey, Guildford United Kingdom in 2008, and B.Sc. 
degree in Electronics Engineering from University of Moratuwa, Sri Lanka in  
2001. 
He is working as research fellow in the solid state electronics laboratory in 
University of Michigan, Ann Arbor, USA. His research interest is in the area 
of excitonic photovoltaics and charge/energy transfer studies in molecular 
systems. 
 
Professor Ravi Silva FREng is the Director of the Advanced Technology 
Institute (ATI) at the University of Surrey and heads the Nano-Electronics 
Centre (NEC), which is an interdisciplinary research activity. Prof. Silva 
joined Surrey in 1995, prior to which he was at the Engineering Department at 
Cambridge University for his undergraduate and postgraduate work.  
His research has resulted in over 340 presentations at international 
conferences, and over 320 journal papers. He is the inventor of 20 patents, 
including a key patent on low temperature growth of carbon nanotubes, and 
one on the fabrication of large area nanotube-organic solar cells. In 2001 he 
was awarded the Charles Vernon Boys Medal by the Institute of Physics, 
London,  and in 2003 awarded the IEE Achievement Award by the Institute of 
Electrical Engineers, London. In 2003, he was awarded the Albert Einstein 
Silver Medal and Javed Husain Prize by UNESCO for contributions to 
electronic devices.  
 
